Mitochondria play the central role in supplying cells with ATP and are also the major source of reactive oxygen species (ROS) -molecules of both regulatory and destructive nature. Dysfunction of mitochondrial metabolism and/or morphology have been frequently reported in human cancers. This dysfunction can be associated with mitochondrial DNA (mtDNA) damage, which may be changed into mutations in mtDNA coding sequences, or the displacement-loop region, changes in the mtDNA copy number or mtDNA microsatellite instability. All these features are frequently associated with human cancers. Mutations in mtDNA can disturb the functioning of the ROS-producing organelle and further affect the entire cell which may contribute to genomic instability typical for cancer cells. Although the association between some mtDNA mutations and cancer is well established, the causative relationship between these two features is largely unknown. A hint suggesting the driving role of mtDNA mutations in carcinogenesis comes from the observation of tumor promotion after mtDNA depletion. Mitochondria with damaged DNA may alter signaling of the mitochondrial apoptosis pathway promoting cancer cell survival and conferring resistance to anticancer drugs. This resistance may be underlined by mtDNA copy number depletion. Therefore, mitochondria are considered a promising target in anticancer therapy and several mitochondria-targeting drugs are in preclinical and clinical trials. Some other aspects of mitochondrial structure and functions, including morphology and redox potential, can also be associated with cancer transformation and constitute new anticancer targets. Recently, several studies have disclosed new mechanisms underlying the association between mitochondria and cancer, including the protection of mtDNA by telomerase, suggesting new approaches in mitochondriaoriented anti-cancer therapy.
Cancer cells are resistant to pro-apoptotic signals, including those coming from mitochondria, so these organelles may play an import role in carcinogenesis. Cancer cells, due to their enormously high energy demand, are characterized by a high ATP/ADP ratio, maintained mainly by oxidation of glucose, a multi-step process with a key stage in mitochondria (Joce et al., 2010) . Morphological differences between cancer and normal cells involve also mitochondria, which are usually present less numerous in cancer cells than in their normal counterparts, but display distinguishing morphological features (Arismendi-Morillo, 2009; Yu, 2011) . Mutations in mitochondrial DNA (mtDNA), contributing to genomic instability, are observed in a variety of cancers (Larman et al., 2012) . Genomic instability can be induced by an excessive production of reactive oxygen species (ROS) resulting from mitochondria dysfunction (Vives-Bauza et al., 2006) . Mitochondrial redox potential has been implicated in cancer transformation, particularly in metastasis, through proton gradient generation and maintenance, which is then used to drive ATP synthesis (Li, 2012) . Recent studies revealed new molecular mechanisms underlying the involvement of mtDNA damage and mitochondrial dysfunction in cancer transformation.
MITOCHONDRIAL MUTAGENESIS
Mitochondria are semi-autonomous organelles capable of replication of their mtDNA. The high mutation rate of mtDNA, at least ten times higher than in nuclear DNA, is attributed to a lack of protective histones, lower efficiency of DNA repair, and continuous exposure to mutagenic oxygen radicals generated by oxidative phosphorylation (Wallace, 1992; 2014) . Most of the 16 569 bp of human mtDNA are coding sequences, indicating a potentially high impact of a change in the mtDNA sequence on the functioning of mitochondria and the whole cell (Fig. 1) .
A diseased or aging tissue comprises a mosaic of cells containing mutated and non-mutated mtDNA (Taylor et al., 2003; Fayet et al., 2002; Linnane et al., 1989; Bender et al., 2006; de Grey, 1997) . A cell is homoplasmic if all copies of its mtDNA have the same nucleotide sequence. The homoplasmy of cells with mutated mtDNA indicates that the cellular ubiquity of mutated mtDNA is not a consequence of accidental oxidative damage to mtDNA, but rather is due to a preferential accumulation of mutated mtDNA within a cell. The mechanism of acquired homoplasmy has been largely unknown and it was suggested that it can result from a lower exposure of mutated mtDNA to oxidative damage due to a reduced ROS production as a result of mutation(s) facilitating the escape of mitochondria from degradation and allowing their continuous proliferation (de Grey, 1997) . Another hypothesis explaining the clonal expansion of mutated mtDNA is based on the assumption of random genetic drift in a pool of replicating mtDNA molecules (Elson et al., 2001) .
Alterations in the mitochondrial genome, including mutations in the coding sequences, mutations in the mtDNA displacement-loop (D-loop) region, changes in the mtDNA copy number and mtDNA microsatellite instability, frequently occur in various types of cancers. D-loop, a non-coding region containing both replication and transcription regulatory elements, contains two hypervariable regions, HV1 and HV2, which are hot spots for mutations in malignant tumors (Taanman, 1999; Miller et al., 1996; Fliss et al., 2000) . D-loop and particularly its poly(C)-T-poly(C) structural motifs, are also prone to mitochondrial microsatellite instability (mtMSI) associated with several human cancers and characterized by the variable length of short tandem repeats (Wang et al., 2006) . The cause of mtMSI is still elusive but it may be associated with the induction of oxidative stress and DNA damage, as has been shown in Helicobacter pylori-infected gastric mucosa cells (Bagchi et al., 2002) . Because MSI of nuclear DNA (nDNA) is a hallmark of mismatch repair (MMR) deficiency, it may be speculated that MMR defects could also evoke mtMSI (Boland & Goel, 2010) . Indeed, mitochondria can execute MMR, but the efficiency and utility of this DNA repair pathway in the protection against mtMSI has not been demonstrated yet . Besides somatic mutations, changes in mtDNA copy number have frequently been reported in various types of cancers including solid tumors and hematologic malignancies (Lee & Wei, 2009; Lu et al., 2004) .
The causes of the mtDNA content change in malignancies is not completely understood, although some concepts explaining the reduction in mtDNA copy number have emerged, including a hypothesis that this reduction may be attributed to less efficient mtDNA replication due to mutations in the D-loop or in the DNA polymerase gamma gene. On the other hand, quantitative change of mtDNA is suggested to be a consequence of the inherent feedback mechanism compensating for metabolic defects in mitochondria carrying mutated mtDNA and impaired respiratory system (Yu, 2011; Lee et al., 2004; Singh et al., 2009; Lee & Wei, 2005) . Regardless of the cause of mtDNA alterations, this effect disturbs cell growth, apoptosis-related processes, anti-cancer drug sensitivity, hormone dependence of tumor cells as well as their invasive and metastatic potentials (Yu, 2011) . The depletion of mtDNA copy number affects the epigenetic pattern of the nuclear genome, resulting in aberrant methylation of promoter CpG islands (Smiraglia et al., 2008; Xie et al., 2007) . On the basis of published data we speculate that the loss of mtDNA may induce epigenetic changes in nDNA leading to alterations in gene expression directed at energy conservation in view of the comprised functioning of mitochondria. However, apart from the expected DNA methylation-associated gene expression changes to maintain efficient cell energy turnover, it is still unknown whether mtDNA depletion may be involved in carcinogenesis by disturbing the epigenetic profile of nDNA, especially since the DNA methylation changes can be reversed by mtDNA restoration. In this context, it is worth highlighting that cells depleted of mtDNA, rho0 cells, display a disturbed oxidative status (Delsite et al., 2003) . The oxidative processes resulting in lipid peroxidation and oxidative damage to the nuclear genome are augmented in rho0 cells indicating the importance of the mitochondrial genome for maintaining the nuclear genome stability.
Malignant transformation has been linked with an increase in the mitochondrial membrane potential (ΔΨm) (Heerdt et al., 2005) . The increased ΔΨm found in the relatively minor subpopulation of primary or metastatic tumor cells has been related to their better survival and increased expansion. (Houston et al., 2011) . This fraction of tumor cells is less sensitive to anticancer agents and constitutively secrete vascular endothelial growth factor, VEGF, independently of hypoxia, indicating the capability of these cells to adjust rapidly to alterations in the microenvironment. Additionally, the enhanced invasive potential is only evident in metastatic tumor cells with an increased intrinsic ΔΨm, implying a direct causal relationship between these two features. It is not known, however, which of them is primary.
Mitochondrial dysfunction has been associated with an increased cancer incidence and with aging, an important risk factor for cancer development. Aging correlates with the reduction in the number of mitochondria and changes in their morphology in both mouse and human cultured cells, an accumulation of mutations in mtDNA in human heart and brain, and a decline in the mitochondrial capacity for oxidative phosphorylation in human skeletal muscle (Taylor et al., 2003; Herbener, 1976; Wilson & Franks, 1975; Lipetz & Cristofalo, 1972; Hattori et al., 1991; Corral-Debrinski et al., 1992; Cortopassi & Arnheim, 1990; Michikawa et al., 1999; Boffoli et al., 1994; Short et al., 2005) . A causative effect of mitochondrial mutagenesis on age-related pathologies is indi- cated by premature aging of mice expressing a defective mitochondrial DNA replicative enzyme -polymerase gamma. These mice develop the mtDNA mutator phenotype, showing an association between the increase in mtDNA somatic mutations and premature aging (Trifunovic et al., 2004; Kujoth et al., 2005) . It has been suggested that mutations in mtDNA accumulate during the life span and this relationship has been shown in the brain, heart, and skeletal muscle of aging humans (Fayet et al., 2002; Hattori et al., 1991; Short et al., 2005; Melov et al., 1999) . As an explanation of the age-related accumulation of mtDNA mutations, the vicious cycle hypotheses on the production of ROS in mitochondria has been proposed to support the mitochondrial theory of aging (Ozawa, 1995) . According to this concept, ROS produced in mitochondria damage mtDNA, including genes encoding components of the electron transport chain (ETC). This can result in the impairment of electron transfer, leading to ROS overproduction (Lenaz, 1998) . Thus, continuous repeating of this cycle may cause the accumulation of mutations in both mtDNA and nDNA (Fig. 2) . Although the accumulation of irreversible oxidative damage is observed during aging it has been suggested that ROS may not be a triggering factor for aging (Lapointe & Hekimi, 2010) . Regardless of the origin, damage to the genome may pose a threat to the homeostatic feedback mechanisms of normal cells and can result in their genomic instability. ROS generate a variety of DNA lesions, including oxidized DNA bases, abasic sites and DNA strand breaks (Krokan et al., 1997) . The most abundant and well-characterized DNA lesion generated by ROS is highly mutagenic 8-oxo-7,8-dihydroguanine (8-oxoG), which may result in a G:C to T:A transversion (Grollman & Moriya, 1993) . Given that any DNA damage, if not repaired, may lead to a mutation and possibly pathogenic phenotype, the failure of DNA repair systems is crucial in the sequential accumulation of mutations and eventually the malignant transformation. With age, the efficacy of DNA repair diminishes, suggesting that it may contribute to the age-associated accumulation of DNA damage and thus to age-associated disorders (Meyer et al. 2007) . Base excision repair (BER) is the predominant pathway repairing a broad range of oxidative DNA damage, including 8-oxoG. The lethality of embryos with key BER genes silenced, except from genes encoding the functionally replaceable DNA glycosylases, demonstrates the importance of this DNA repair pathway (Tebbs et al., 1999) . Defects in BER glycosylases and mild defects in other BER genes are associated with increased cancer susceptibility (Maynard et al., 2009) . DNA double-strand breaks (DSBs) arising from reactive oxygen stress are the most deleterious DNA lesions. DSBs are mainly repaired by non-homologous end joining or homologous recombination and the failure to repair or misrepairing of DSBs due to defects in these pathways can result in chromosomal rearrangements, cause genome instability and promote carcinogenesis.
CHANGES IN OXIDATIVE PHOSPHORYLATION IN PRE-CANCEROUS LESIONS AND CANCER CELLS
A shift from mitochondrial oxidative phosphorylation (OXPHOS) towards aerobic glycolysis as the main source of energy production, observed in various cancer cells, was originally thought to appear due to a permanent dysfunction of OXPHOS induced by cancer transformation. However, recent results suggest that OXPHOS is fully functional in most cancers, indicating that the switch to glycolysis provides cancer cells with a metabolic advantage (Koppenol et al., 2011; Griguer et al., 2005; Fantin et al., 2006; Hsu & Sabatini, 2008; Lim et al., 2011; Scott et al., 2011) . Indeed, due to this switch cells benefit from the availability of glucose, a high rate of ATP production and the production of lactate needed for biomolecules synthesis (Pfeiffer et al., 2001; DeBerardinis et al., 2008) . Additionally, the glycolytic metabolism of cancer cells can contribute to hypoxia resistance, essential for tumor survival, through the induction of hypoxia-inducible factor (HIF)-1 expression (Maher et al., 2007) . A recent report has shown that an augmentation in OXPHOS efficiency is associated with an impediment of cancer progression by a decline in proliferation and invasiveness (Wang & Moraes, 2011) . The increase in OXPHOS, observed in that research, was stimulated by the induction of mitochondrial biogenesis considered as the increase in mitochondrial proteins and enzyme activity showing the importance of mitochondria in cancer progression. Dichloroacetate (DCA), a chemical silencing glycolysis in favor of glucose oxidation is currently tested in a phase I clinical trial in patients with advanced solid tumors. Similarly, SB-204990, an inhibitor of ATP citrate lyase (ACL) coupling glucose metabolism with lipid syn- Environmental insult, antioxidant enzymes and small molecular weight antioxidants can modulate the level of ROS generated during electron chain transport. The ROS level exceeding mitochondria antioxidant capacity leads to oxidative stress resulting in damage to biomolecules. Oxidative damages induce mutations in both nuclear and mitochondrial DNA (nDNA and mtDNA, respectively), which can contribute to dysfunction of electron chain transport and impaired DNA repair resulting in a vicious cycle of mitochondrial ROS production.
thesis, has been reported to suppress tumor cell proliferation and growth in vitro and in vivo (Hatzivassiliou et al., 2005) .
Defective OXPHOS may be driven by mutations in genes encoding its components. Mutations in nuclear genes encoding subunits of succinate dehydrogenase or proteins involved in assembling OXPHOS complex II are associated with hereditary cancers (Ricketts et al., 2012; Cao et al., 2010) . Also alterations in the mitochondria-encoded OXPHOS genes are associated with invasive properties in human cancer cell lines. One of the most convenient ways for exploring the contribution of mitochondrial mutagenesis in carcinogenesis is the use of cybrids -rho0 cells repopulated with the mtDNA of interest. Transmitochondrial cybrids with the 13997G>A mutation in the gene encoding NADH dehydrogenase subunit 6 (ND6) of mtDNA, derived from highly metastatic tumor cells, produced a higher amount of ROS which stimulated the transcription of HIF-1α and other metastasis-related genes, in comparison with low metastatic P29 cells (Koshikawa et al., 2009) . A missense mutation in the ND6 gene can result in a decrease of the activity of the respiratory complex I (Ishikawa et al., 2008) . The pretreatment of highly metastatic tumor cells with ROS scavengers reduces their metastatic potential in mice. Experiments involving inoculation of C57BL/6 mice with cybrids having high or low metastatic potential support an important role of mtDNA mutation in tumor progression. Cybrids with mtDNA derived from highly metastatic cells have a high metastatic potential, whereas cybrids with the P29 mtDNA have lost their metastatic potential, as assessed by counting the number of nodules formed in lungs. A cybrid cell line with prostate cancer PC3 cells with a point mutation in ATP synthase subunit 6 gene (MTATP6) manifests the growth advantage over cybrids of prostate cells with the non-mutated mtDNA in nude mice (Petros et al., 2005; Shidara et al., 2005) . The mutant cybrids generate significantly more ROS and develop tumors seven times larger than the wild-type cybrids, which hardly generate tumors in mice (Petros et al., 2005) . The restoration of MTATP6 reduces tumor growth, whereas the expression of a mutant MTATP6 in wild-type cybrids decreases respiration and increases tumor growth (Shidara et al., 2005) . Interestingly, apoptosis occurrs less frequently in the mutant versus wild-type cybrids in cultures and tumors, thus demonstrating that pathogenic mtDNA mutations can promote tumors by apoptosis prevention. All these data suggest that alterations in mtDNA are not only associated with carcinogenesis but may also play a role in tumor progression Kulawiec et al., 2006) . The mutation frequency in mtDNA is related to energy metabolism, which has been shown by a 3-fold lower mtDNA random mutation frequency accompanying a shift in glucose metabolism from OXPHOS to glycolysis in colorectal cancer cells, when compared to adjacent normal colon (Ericson et al., 2012) . The reduced prevalence of these mutations in tumor cells relative to normal cells suggests that mitochondrial genome stability, unlike that of nDNA, increases during carcinogenesis. The difference in the mutation rate between tumor and normal cells result from a decline in C:G to T:A transitions, the most common oxidative stress-induced mutation, indicating that mtDNA mutagenesis is at least partially a consequence of OXPHOS-generated oxidative stress (Ericson et al., 2012; Wang et al., 1998) . Although the overall mtDNA mutation rate decreases in carcinogenesis, the level of mutations in the OXPHOS genes may increase, as shown for the NADH dehydrogenase (respiratory complex I) subunits, which is in accordance with the OXPHOS-glycolysis switch in cancer cells (De Paepe, 2012) . A switch to aerobic glycolysis in tumor cells is also associated with changes in nDNA, including gain of function mutations in proto-oncogenes, loss or mutation of tumor suppressors, and the activation of phosphoinositide 3-kinase (PI3K) (Vander et al., 2009) . Further research has revealed that changes in mitochondrial metabolism are associated with oncogene-induced cancer transformation (Weinberg et al., 2010) . The Ras oncogene promotes production of mitochondrial ROS, which further stimulates cellular proliferation in human colon cancer HCT116 cell line (Weinberg et al., 2010) . This effect is abrogated in the presence of mitochondria-targeted antioxidants indicating that mitochondrial ROS may serve as signaling molecules regulating cell proliferation (Weinberg et al., 2010) . Additionally, the Kras-induced rho0 cells, which do not generate ROS due to the lack of mtDNA, do not grow in an anchorage-independent manner, typical for cancer cells. In contrast, cells with a disrupted ATP complex III generate ROS and grow in an anchorage dependent-manner. Finally, the loss of the TFAM protein, essential for mtDNA replication and transcription, diminishes tumorigenicity in an oncogenic Kras-induced mouse model of lung adenocarcinoma, demonstrating that mitochondrial metabolism is required for carcinogenesis in vivo.
MITOCHONDRIA-DEPENDENT RESISTANCE TO APOPTOSIS AND ITS ROLE IN ANTICANCER THERAPY
Because mitochondria can play a pivotal role in apoptosis, damage to mtDNA may promote tumors formation by the inhibition of apoptosis of pre-cancerous cells. This presents a perspective for a new mitochondria-oriented anticancer treatment. Indeed, rho0 cells derived from human osteosarcoma are less sensitive toward different apoptosis-inducers, including staurosporine, doxorubicin, daunomycin and quercetin, when compared to parental cells (Ferraresi et al., 2008) . Furthermore, rho0 cells exhibit over-expression of multidrug resistance 1 (MDR1) gene and its product P-glycoprotein (P-gp). Also, a partial depletion of mtDNA induces the resistance to staurosporine-mediated apoptosis in C2C12 myoblasts (Biswas et al., 2005) . This effect is transient as accessed by the restoration of mtDNA content to near-normal, approximately 90%, level implying a direct association between mitochondrial stress and the development of apoptotic resistance. The observed resistance to apoptosis is attributed to impaired Bid processing and altered compartmentalization of proapoptotic proteins, BAD, Bax and Bid on the mitochondrial inner membrane under stress conditions. In addition, the mtDNA-depleted cells fail to release proapoptotic proteins and display a decreased sensitivity and accumulation of chemotherapeutic drugs doxorubicin, vincristine, and paclitaxel, which correlate with the up-regulated expression of MDR1 at mRNA and protein levels (Yu, 2011; Biswas et al., 2005) . In addition to mtDNA content alteration, mtDNA mutations have also been shown to influence the resistance to apoptosis (Kulawiec et al., 2009) . The break of apoptotic-resistance is achieved by the suppression of the pro-survial members of Bcl-2 protein family, which control mitochondrial apoptosis, in hematological malignancies as well as different types of solid tumors in single or combined therapy. The molecules that target Bcl-2 members belong to BH3 mimetics, small molecules structurally and functionally resembling BH3-only proteins. The BH3 mimetic ABT-737 demonstrates a potent antitumor activity against several mouse models of human cancers, including small cell lung cancer (SCLC) and acute leukemia (Hann et al., 2008; Konopleva et al., 2066; Mason et al., 2008; 2009) . ABT-263 (Navitoclax) has passed through phase I/II trials for SCLC treatment and is under phase I/II trials clinical evaluation for chronic lymphocytic leukemia (CLL) and lymphoid malignancies as a single agent or in combination with various anticancer drugs (Gandhi et al., 2011; Rudin et al., 2012; National Institutes of Health, 2013) . Obatoclax mesylate (GX15-070) has been demonstrated to have a modest single-agent activity in patients with advanced CLL undergoing intensive therapy (O'Brien et al., 2009) . AT-101 has been tested against prostate cancer in a phase I clinical study as a single therapy (Liu et al., 2009) . Overcoming the resistance of cancer cells to imatinib (IM), a tyrosine kinase inhibitor, is the leading challenge in chronic myeloid leukemia (CML) treatment. The disease is characterized by the expression of the fusion BCR/ABL1 oncogene, whose product is a tyrosine kinase with constitutively enhanced activity. Mitochondrial alterations have been found in the leukemic cells from IM-resistant CML patients. These included the accumulation of tricarboxylic acid (TCA) cycle intermediates, an increased NADH level and low oxygen consumption, which were attributed to the dysfunction of ETC. Although a lower activity and expression of ETC proteins were noted in the IM-resistant cells, they exhibited a higher level of ROS in comparison to IM-sensitive cells. Since ROS overproduction was associated with the IM resistance, it was postulated that mitochondrial dysfunction may participate in genomic instability of cancer cells by inducing oxidative DNA damage (Koptyra et al., 2006) . This hypothesis is coherent with the finding that oxidative stress induced mutations in the kinase domain of BCR/ABL1 contributing to the emergence of resistant cells (Slupianek et al., 2013) . Furthermore, the generation of oxidative stress decreased the viability of IM-resistant leukemic cells in a syngenic mouse tumor model showing that this strategy can be exploited for CML treatment (Kluza et al., 2011; Zhang et al., 2008) .
OTHER ASPECTS OF MITOCHONDRIAL CARCINOGENESIS
Recent findings indicate that, intriguingly, telomerase may protect mitochondria during carcinogenesis. Telomerase is a ribonucleoprotein responsible for maintaining the length of telomeres -structures protecting the ends of linear chromosomes from recognition as DSBs and activation of DNA damage response. The catalytic subunit of telomerase -telomerase reverse transcriptase (TERT) -is exported from the nucleus to mitochondria under oxidative stress in a dose-and time-dependent manner in human embryonic lung MRC5 fibroblasts (Ahmed et al., 2008) . This process was reversible when cells were transferred back from hyperoxia to normoxia. The presence of TERT in mitochondria protected mtDNA against oxidative DNA damage under acute and chronic stress conditions. In TERT-overexpressing cells mitochondrial function was enhanced as confirmed by the increase in mitochondrial membrane potential and the reduction in mitochondrial superoxide production and cellular peroxide levels. TERT has been shown to localize to mitochondria of cancer HEK293 (human embryonic kidney) cell line and non-cancer cells (human umbilical vein endothelial cells, HUVEC) (Haendeler et al., 2009; Jacob & Haendeler, 2007) . In the HEK cell line TERT bound to mtDNA in the region coding for NADH dehydrogenase subunits 1 and 2 (ND1 and ND2) and protected mtDNA against UVB-induced damage (Haendeler et al., 2009) . The presence of TERT protected respiratory chain activity and the effect was most pronounced for complex I and correlated with the TERT binding to mtDNA and the reverse transcriptase activity of the enzyme, when compared to a TERT mutant lacking reverse transcriptase activity but preserving the ability to bind to mtDNA in vivo. The presence of wild type TERT reduced the generation of ROS in mitochondria and restricted the H2O2-induced apoptosis. Since the increase in the expression of TERT may play a role in carcinogenesis, the protective function of TERT toward mtDNA opens a possibility that mitochondrialocalized TERT may participate in the stabilization of the mtDNA genome in cancer and could be exploited in new strategies for anticancer treatment.
THERAPEUTIC POTENTIAL OF MITOCHONDRIA IN CANCER
Mitochondrial functions, including ATP production, maintaining intracellular Ca 2+ homeostasis, ROS generation, and regulation of apoptosis, altered in cancer may constitute a therapeutic target. Combined with standard anticancer strategies, application of compounds directly affecting mitochondrial functions is a promising approach for eradication of chemotherapy-resistant cancer cells. Mitochondria-oriented drugs, unlike conventional ones, induce defects in mitochondria independently of the upstream signaling events. Given that cancer cells generally rely on ATP production via glycolysis, the suppression of this pathway could be most efficient in cells harboring mitochondrial alterations or hypoxic cells (Pelicano et al., 2006) . In contrast, this strategy may produce an opposite effect in cancer cells with functional mitochondria as mitochondrial ATP synthesis would compensate for the inhibited glycolysis. Hence, combined strategies involving blocking of mitochondrial activity along with the suppression of glycolysis could be required for the induction of cancer cell death. In support of this concept, shifting the balance from the anaerobic toward aerobic ATP biosynthesis sensitized several previously resistant cancer cell lines to an inhibitor of mitochondrial ATP synthase (Salomon et al., 2000) . A similar effect was observed when 2-deoxyglucose was applied instead of oxamate to inhibit glycolysis. Concomitantly with an altered ETC, cancer cells exhibited an increased ROS production. As a consequence, cancer cells are more prone to the ROS-induced apoptosis in comparison to normal, especially non-dividing, cells. Indeed, mitochondrial electron transport chain blockers and mitochondrially targeted anti-cancer drugs with prooxidant properties (mitocans) have been demonstrated to eradicate cancer cells specifically. A drug combination strategy exploiting increased mitochondrial ROS generation and the inhibition of ROS elimination was effective against cultured leukemia cells and primary leukemia cells isolated from patients (Pelicano et al., 2003) . The combination of 2-methoxyestradiol (2-ME) -an inhibitor of superoxide dismutase -with either rotenone, an inhibitor of complex I, or with arsenic trioxide, As 2 O 3 , a ROS-generating agent, promoted synergistically apoptosis. The ability of As 2 O 3 , used in clinical anticancer treatment, to interfere with mitochondrial respiration and to increase ROS generation implies that the anticancer activity of other currently applied ROS-generating agents, such as doxorubicin, bleomycin, and cisplatin, could be improved in combination with 2-ME and similarly acting compounds. In addition, treatment of human colon cancer cell lines HT29 and HCT116 with 2-deoxy-D-glucose (2DG), an inhibitor of glucose metabolism, combined with the ETC blocker rotenone enhanced cancer cell death (Fath et al., 2009) . In contrast, 2-methoxy-antimycin A, which does not affect ETC, does not promote the 2DG-induced cytotoxicity in cancer cells. Furthermore, rotenone does not increase the toxicity of 2DG in normal human fibroblasts and the combination of 2DG with rotenone restricts tumor growth in HT29 tumor-bearing mice when compared to control or either drug singly.
Other anticancer strategies are focused on the neutralization of anti-apoptotic Bcl-2 family proteins. This can be achieved by synthetic compounds corresponding to the BH3 domain, BH3 mimetics, that antagonize the anti-apoptotic function of Bcl-2 family members. Despite their promising action achieved in vitro, these next generation therapeutics need to be further investigated in vivo to be fully exploited clinically, either as a single or in combined therapy.
The oxidative-stress mediated localization of TERT to mitochondria rises the possibility of telomerase-oriented anticancer treatment. Cancer cells exhibit robust telomerase activity and the extinction of telomerase immediately gives rise to an adaptive mechanism -the emergence of the alternative lengthening of telomeres (ALT) (Hu et al., 2012) . The viability of ALT-positive cancer cells is dependent on the expression of PGC-1b, a master regulator of mitochondrial biogenesis and function indicating that preserving some mitochondrial function is vital in cancer cells. Therefore, ALT-positive cancer, constituting approximately 15% of human cancers, could be sensitive to compounds disturbing mitochondrial maintenance.
CONCLUSION AND PERSPECTIVES
Mitochondria are essential organelles involved in several important cellular processes, whose disturbance may bring serious consequences for the functioning of an organism. The involvement and important role of mitochondria in cancer transformation is underlined by several mechanisms, including the mutagenesis of mtDNA. Each aspect of the association between mitochondria and cancer can be exploited for its usefulness in anticancer therapy. Because these aspects are apparent as differences between normal and cancer cells, the greater the difference, the higher their potential in therapy. Mitochondria-dependent drug resistance can be modulated by some modifications of the intrinsic apoptotic pathway, which can also be involved in the proliferation of cancer cells and their metastatic potential. Overproduction of ROS in mitochondria and the involvement of these species in cancer transformation should be further exploited in prospective anticancer therapy, because ROS may be associated with many aspects of carcinogenesis. Manipulation of the mitochondrial potential with agents influencing the electrochemical gradient across the mitochondrial membrane can be both a goal for combating cancer cells and serve to improve the delivery of mitochondriatargeting drugs. Some long-term perspectives in exploiting mitochondria in cancer therapy involve manipulation of mitochondria in cancer and mtDNA-targeted gene therapy.
